Programmed −1 ribosomal frameshifting (−1 PRF) is a geneexpression mechanism used to express many viral and some cellular genes. In contrast, efficient natural utilization of −2 PRF has not been demonstrated previously in eukaryotic systems. Like all nidoviruses, members of the Arteriviridae (a family of positive-stranded RNA viruses) express their replicase polyproteins pp1a and pp1ab from two long ORFs (1a and 1b), where synthesis of pp1ab depends on −1 PRF. These polyproteins are posttranslationally cleaved into at least 13 functional nonstructural proteins. Here we report that porcine reproductive and respiratory syndrome virus (PRRSV), and apparently most other arteriviruses, use an additional PRF mechanism to access a conserved alternative ORF that overlaps the nsp2-encoding region of ORF1a in the +1 frame. We show here that this ORF is translated via −2 PRF at a conserved G_GUU_UUU sequence (underscores separate ORF1a codons) at an estimated efficiency of around 20%, yielding a transframe fusion (nsp2TF) with the N-terminal two thirds of nsp2. Expression of nsp2TF in PRRSVinfected cells was verified using specific Abs, and the site and direction of frameshifting were determined via mass spectrometric analysis of nsp2TF. Further, mutagenesis showed that the frameshift site and an unusual frameshift-stimulatory element (a conserved CCCANCUCC motif 11 nucleotides downstream) are required to direct efficient −2 PRF. Mutations preventing nsp2TF expression impair PRRSV replication and produce a small-plaque phenotype. Our findings demonstrate that −2 PRF is a functional gene-expression mechanism in eukaryotes and add another layer to the complexity of arterivirus genome expression.
I
n eukaryotes, translation initiation largely involves 5′ enddependent scanning of mRNAs during which the small ribosomal subunit, in a complex with initiation factors, first binds to the 5′ cap structure and then scans in a 5′-to-3′ direction until it encounters the first suitable initiation codon, at which point translation commences (1) . Consequently, the vast majority of cellular mRNAs are essentially monocistronic (although efficient reinitiation can occur after translation of very short ORFs). The fact that the cellular translational machinery essentially only decodes the 5′-most long ORF of an mRNA imposes a considerable constraint on nonsegmented RNA viruses, which must express a number of enzymatic and structural proteins to complete their replicative cycle. Strategies to overcome this limitation include the synthesis of functionally monocistronic subgenomic mRNAs, the production of precursor polyproteins that are subsequently cleaved by virus-and/or host-encoded proteases, and the use of noncanonical translational mechanisms (such as internal ribosomal entry, leaky scanning, ribosomal frameshifting, and stop codon readthrough) (2) by which additional ORFs may be translated from polycistronic mRNAs.
Members of the order Nidovirales (Arteriviridae, Coronaviridae, and Roniviridae), which includes the RNA viruses with the largest genomes currently known, use many of the above strategies (including polyprotein expression, subgenomic mRNA synthesis, ribosomal frameshifting, and leaky scanning) (Fig. 1A) to organize one of the most complex RNA virus replication cycles described to date (3) (4) (5) . The replicative enzymes of nidoviruses are encoded in ORF1a and ORF1b, which occupy the 5′-proximal three quarters of their positive-stranded RNA genome. ORF1a and ORF1b encode two large replicase precursor polyproteins, pp1a and pp1ab, with expression of the latter depending on a −1 ribosomal frameshift in the short ORF1a/ORF1b overlap region (6, 7) . Following their synthesis from the genomic mRNA template, pp1a and pp1ab are processed into at least 13-16 functional nonstructural proteins (nsps) by a complex proteolytic cascade that is directed by two to four ORF1a-encoded proteinase domains (Fig. 1A ) (8) (9) . The 3′-proximal region of the nidovirus genome contains the genes encoding the viral structural proteins, which are translated from a nested set of 5′-and 3′-coterminal subgenomic mRNAs (10) .
As indicated above, the genomes of a variety of viruses, including all currently known nidoviruses, harbor sequences that induce a proportion of translating ribosomes to frameshift −1 nt and continue translating in an alternative reading frame (6, 7, (11) (12) (13) . Where functionally important, this process may be termed "−1 programmed ribosomal frameshifting" (−1 PRF). The eukaryotic −1 frameshift site typically consists of a "slippery" heptanucleotide fitting the consensus motif X_XXY_YYZ, where XXX normally represents any three identical nucleotides (although certain exceptions have been found); YYY represents strictly AAA or UUU; and Z represents A, C, or U, and underscores separate zero-frame codons. This consensus motif generally is followed by a stimulatory element that comprises a stable RNA secondary structure, such as a pseudoknot or stemloop, beginning 5-9 nt downstream of the shift site (11, 13) . In contrast, very little is known about the utilization of -2 pro-grammed ribosomal frameshifting (-2 PRF) in eukaryotic systems, including the potential shift sites and stimulatory elements.
Here we describe the identification of a short arterivirus ORF (TF) that is translated via efficient −2 PRF. In porcine reproductive and respiratory syndrome virus (PRRSV), frameshifting (with an efficiency of about 20%) occurs at a conserved G_GUU_UUU sequence (underscores separate ORF1a codons) in a central region of ORF1a and results in the expression of a transframe protein, nsp2TF, that comprises the N-terminal two thirds of nsp2 fused to a 169-aa C-terminal region encoded by the TF ORF. Mutations that prevent expression of nsp2TF seriously impair PRRSV replication in cell culture. Because ribosomes translating the TF ORF will not decode the remainder of the replicase gene, the combination of this −2 PRF mechanism and the downstream ORF1a/ORF1b −1 PRF results in differential expression of three replicase gene segments, suggesting that the regulation of genome translation plays a key role in fine-tuning the replicative cycle of arteriviruses, including PRRSV, one of the economically most important swine pathogens.
Results
Computational Analysis Reveals a Conserved ORF Overlapping the Arterivirus nsp2-Coding Sequence. Arteriviruses comprise a family of small, enveloped positive-stranded RNA viruses that currently includes PRRSV, equine arteritis virus (EAV), lactate dehydrogenase-elevating virus (LDV), and simian hemorrhagic fever virus (SHFV) (5) . The ORF1a sequences of 212 PRRSV isolates available in GenBank as of February 26, 2012 were extracted, translated, aligned, and back-translated to a nucleotide sequence alignment. Both European (EU; type I) and North American (NA; type II) genotype isolates, which typically share 50-55% amino acid identity within pp1a, were included. Next, the alignment was analyzed for conservation at ORF1a-synonymous sites, as described previously (14) . The analysis revealed Two long 5′ ORFs encode nonstructural polyproteins, and at least eight shorter 3′ ORFs encode structural proteins. The 3′ ORFs are translated from a nested set of 3′-coterminal subgenomic mRNAs, two of which are bicistronic. ORF1a and ORF1b are translated from the genomic RNA, where translation of ORF1b depends on −1 PRF at the end of ORF1a. The newly described TF ORF overlaps a central region of ORF1a in the +1 reading frame and is accessed via −2 PRF. Domains in nsp2/nsp2TF are annotated as PLP2 (papain-like protease), HVR (hypervariable region), TM/TM′ (putative TM domains), and C (Cys-rich domain). Predicted sizes (in aa) for nsp2-related products are shown for GenBank sequences NC_001961 (blue) and DQ489311 (red; the isolate SD01-08 used in this study). (B) Bioinformatic analysis of PRRSV ORF1a. Panels 1 and 2 depict the conservation at ORF1a-frame synonymous sites in an alignment of 212 PRRSV sequences using a 25-codon sliding window. Panel 2 shows the ratio of the observed number of substitutions to the number expected under a null model of neutral evolution at synonymous sites. Panel 1 shows the corresponding P value. Summed over the whole TF ORF, the corresponding P value is 5.7 × 10 −65 . To map the conservation statistic onto the coordinates of a specific sequence, all alignment columns with gaps in a chosen reference sequence, NC_001961, were removed (note that the original alignment is gap-free within the TF ORF itself). Panels 3-5 show the positions of stop codons (blue) in the three possible reading frames, and alignment gaps (green) in all 212 aligned sequences. Note the conserved absence of stop codons in the +1 reading frame in the TF region. (C ) Positions of stop codons (blue) in an alignment of the three available SHFV sequences. The vertical red line indicates the location of the G_GUU_UUU/G_GUC_UCU motif. Note the conserved absence of stop codons in the +1 reading frame for 220 codons immediately following this site.
a striking and highly statistically significant (P < 10 −64 ) increase in synonymous-site conservation in a region covering around 170 codons toward the 3′ end of the nsp2-encoding sequence (Fig. 1B) . Within this region the mean synonymous substitution rate was reduced to 47% of the ORF1a average. Such peaks in synonymous-site conservation generally are indicative of functionally important overlapping elements, either coding or noncoding (14) (15) (16) . In this case, inspection of the +1 and +2 reading frames relative to ORF1a, in all 212 sequences, revealed an almost complete absence of stop codons in the +1 reading frame in a region corresponding precisely to the region of enhanced conservation (Fig. 1B) . This finding suggested an overlapping ORF in the +1 reading frame as a possible explanation for the enhanced conservation at ORF1a synonymous sites.
An inspection of other arterivirus genomes revealed further evidence for a +1 frame ORF overlapping the equivalent region of ORF1a. Currently, three SHFV sequences are available (17) . With pairwise amino acid identities within pp1a of just 35-37%, these sequences are too divergent for the analysis of synonymoussite conservation. However, the conserved presence of a 219-225 codon ORF in the +1 frame in such divergent sequences is, in itself, statistically significant (P < 10 −10 ) ( Fig. 1C ; also see SI Materials and Methods). A 169-codon ORF also is present in one (LDV-P) of two published LDV sequences, but in the second sequence (LDV-C) the ORF is disrupted by a single stop codon. To assess the likeliness of a sequencing error in the LDV-C sequence, we sequenced the relevant region of an additional LDV isolate (795 nt, including the last 158 codons of the ORF; GenBank accession no. JX258842). This sequence is divergent from both LDV-P and LDV-C (locally 83-90% nucleotide identity) and lacks the interrupting stop codon that is present in LDV-C. Remarkably, no evidence for a corresponding ORF was found in EAV. In fact, in this part of the genome, EAV is highly divergent from other arteriviruses, and the nsp2 region is greatly reduced in size.
At the 5′ end of the conserved ORF, there is a G_GUU_UUU sequence that is present in 206/212 PRRSV sequences (4/212 have G_GUU_UUC), both LDV sequences, and one SHFV sequence. The other two SHFV sequences have G_GUC_UCU at the corresponding position. Significantly, the G at position 1 is conserved although the corresponding ORF1a codon is CAG (Gln), UGG (Trp), or CGG (Arg) in different PRRSV isolates (Fig. 2A) . We hypothesized that this motif could facilitate −2 PRF from ORF1a into the overlapping ORF. We were not able to predict convincing downstream RNA secondary structures at a distance of 5-9 nt that might (by analogy to −1 PRF sites) be expected to be present, nor could we definitively rule out the existence of such structures. On the other hand, we did observe a highly conserved CCCANCUCC motif beginning 11 nt downstream of the G_GUU_UUU sequence. This motif is present in both LDV, all three SHFV, and 211/212 PRRSV sequences. Such high conservation could reflect protein sequence constraints (in two overlapping reading frames) but also might be part of a frameshift-stimulatory RNA sequence.
In PRRSV, −2 frameshifting at the G_GUU_UUU sequence would produce a transframe fusion protein comprising the Nterminal 65-72% (typically 714-850 amino acids, depending on isolate) of nsp2 fused to the 169 amino acids encoded by the overlapping ORF (Fig. 1A) . We refer to the overlapping ORF as "TF ORF" and to the predicted transframe fusion protein as "nsp2TF." In PRRSV, LDV, and SHFV, nsp2TF is 14-19% shorter than full-length nsp2, and the TF ORF overlaps the part of ORF1a that encodes the predicted nsp2 transmembrane (TM) domain. The TF ORF appears to encode an alternative TM domain containing four or more potential TM regions, depending on species and isolate, but no other conserved amino acid motifs that might give further indications as to protein function were identified.
Immunodetection of nsp2TF in PRRSV-Infected Cells. To confirm expression of the predicted nsp2TF frameshift product in PRRSVinfected cells, a polyclonal Ab (pAb-TF) was raised against the C-terminal peptide (CPKGVVTSVGESV) of nsp2TF of PRRSV type I isolate SD01-08 (18) . We also used mAbs 36-19 and 58-46, raised against the N-terminal 436 amino acids of SD01-08 nsp2 (18, 19) and therefore expected also to recognize nsp2TF, which (in SD01-08) would share its N-terminal 714 amino acids with nsp2.
Expression of nsp2TF was first analyzed by immunoprecipitation (IP) and Western blot analysis. Lysates of SD01-08-infected MARC-145 cells were harvested at 48 h postinfection (p.i.). PRRSV proteins were immunoprecipitated using mAb36-19 and were separated by SDS/PAGE. Four high-molecular-mass bands with apparent masses between 100-150 kDa were detected by Coomassie Brilliant Blue staining, with the two smallest products clearly being less abundant. In addition, various lower-molecularmass products were observed (Fig. S1A ). To confirm that the high-molecular-mass bands represented nsp2-related products, Western blot analysis was performed using anti-nsp2 mAb58-46 and pAb-TF. All four high-molecular-mass products were specifically recognized by mAb58-46 ( Fig. 3A) , indicating that they must share N-terminal sequences. However, only the secondlargest protein labeled nsp2TF was recognized by pAb-TF. The third protein labeled nsp2TF′ was not detected in a Western blot using pAb-TF, possibly because of its lower abundance and/or lower affinity for the Ab; this product was, however, detected in IP using pAb-TF (see below). We speculate that nsp2TF′ could be either a precursor to or a modified form of nsp2TF. The smallest product of the four proteins labeled nsp2N might derive from a −1 frameshift at the same conserved G_GUU_UUU sequence. Such a frameshift would lead to an immediate termination, because there is a −1/+2 frame stop codon adjacent to the shift site ( Fig. 2A ; see also Fig. S1D and Discussion).
A similar analysis for the PRRSV type II isolate SD23983 also revealed multiple products in the 100-150 kDa range (Fig. 3B) . The available SD01-08 pAb-TF did not cross-react with any of these bands, but this result was not surprising, because the sequence of the 13-aa peptide used to produce this Ab is not conserved in type II viruses.
Mass Spectrometric Analysis of the Site and Direction of Frameshifting.
Although bioinformatic analysis suggested the site (G_GUU_UUU) and direction (−2) of frameshifting, we sought to confirm both predictions with direct protein sequence analysis. To this end, proteins from SD01-08-infected and mock-infected MARC-145 cell lysates were immunoprecipitated, resolved by SDS/PAGE, and stained with Coomassie Brilliant Blue (Fig. S1A ). The gel slice containing the putative nsp2TF band was analyzed by LC/MS/MS. Four peptides specific for the 169-aa TF region were identified in addition to many peptides from the common N-terminal domain of nsp2 and nsp2TF (Fig. 4B) . One of the peptides, LMTWVFLK, spanned the frameshift site itself (bold), and its sequence is fully compatible with −2 PRF (after decoding GUU_UUU as VF) (Fig. 4A and Fig. S1C ) but not with +1 PRF, which would produce a shift-site peptide that is shorter by one amino acid (e.g., LMTWVFK). To verify the correct identification of the frameshift peptide, a synthetic version of the peptide was subjected to the same LC/MS/MS analysis. The tandem mass spectrum of the synthetic peptide was identical to that of the peptide derived from the gel slice, confirming that nsp2TF is indeed translated via −2 PRF at the G_GUU_UUU motif (Fig. S1B) . Again, the analysis was repeated for the type II isolate SD23983, for which a −2 frameshift tryptic peptide with a different sequence (QVFLTSSPISLFSSHAFSTR; shift site-encoded amino acids in bold) was predicted. Likewise, this sequence was identified in mass spectrometric analysis of the presumed nsp2TF band excised from an SDS/PAGE gel (Fig. S2) .
Estimation of the Frameshifting Efficiency. The frameshifting efficiency and turnover of nsp2 and nsp2TF were investigated in a pulse-chase labeling experiment in SD01-08-infected MARC-145 cells. After a 1-h pulse labeling with 35 S-labeled amino acids, the Nucleotide sequence in the vicinity of the TF shift site G_GUU_UUU, with conceptual amino acid translations in all three reading frames shown. The product of −2 frameshifting is indicated in red. Consecutive tryptic peptides covering these amino acids were detected by mass spectrometric analysis. The peptide underlined in green, which spans the shift site, is compatible with −2 but not +1 frameshifting. Stylized P-and A-site tRNAs illustrate expected codon:anticodon duplexes before and after frameshifting (see also main text). In eukaryotes, GUU is expected to be decoded by the valine tRNA with anticodon 5′-IAC-3′ (I = inosine), but it is possible that it also is decoded by the valine tRNA with anticodon 5′-ncm 5 UAC-3′ (ncm 5 U = 5-carbamoylmethyluridine). Because currently it is not known whether one or both of these, or perhaps a hypomodified form, are compatible with frameshifting, the valine anticodon is indicated by 3′-CA*-5′ in the schematic. (B) Complete amino acid sequence of nsp2TF, with peptides identified by mass spectrometry indicated in red. The C-terminal 169 amino acids encoded by the +1 reading frame are highlighted in gray. The N-terminal 714 amino acids are shared with nsp2. The epitopes recognized by mAbs 36-19 and 58-64 and pAb-TF, in order, are underlined in blue. Pink underlining indicates the locations of the premature termination codons of mutant KO1 (Fig. 2B ).
incorporated label was chased for various periods (up to 24 h), and proteins were immunoprecipitated with nsp2-and nsp2TF-specific Abs. As shown in Fig. 5A , this analysis revealed the existence of two smaller products (labeled "nsp2′" and "nsp2TF′") that apparently are about 10 kDa smaller than nsp2 and nsp2TF. Its disappearance during the chase suggested that nsp2′ is a direct precursor of nsp2, although we cannot rule out the possibility that it may be a degradation product of nsp2. Nsp2 itself also appeared to be subject to further modification during the chase period, as indicated by its slight size increase and more heterogeneous migration in the gel (Fig. 5A ; compare C0h with later time points). The possible precursor status of nsp2TF′ was less obvious, because the amount of this product was more or less stable throughout the chase period, during which both the nsp2TF and nsp2TF′ bands also appeared to convert into doublets. In terms of protein turnover, the amount of nsp2TF declined much more rapidly than that of nsp2 during the chase period. This difference in turnover was even more pronounced for nsp2N, the putative −1 frameshift product (see above), which seems to be the least stable of the various nsp2 forms described here.
Several smaller nsp2-specific products were observed in the C0h sample, including a prominent band migrating at around 90 kDa, a fainter band migrating slightly behind the 90-kDa band, and a faint band migrating at around 98 kDa (Fig. 5A) . The prominent 90-kDa product was not detected by pAb-TF and most likely derives from internal cleavage of nsp2. Two additional nsp2-specific products were observed to migrate at around 200 kDa. Based on their size, these may represent nsp2-8 and a modified or precursor form of nsp2-8. The definitive identity of these products cannot be explained at this point in time, and they add to the puzzling complexity of nsp2 expression and posttranslational modification.
To assess the frameshifting efficiencies in the context of PRRSV infection, we measured the radioactive incorporation into the nsp2+nsp2′, nsp2TF+nsp2TF′, and nsp2N bands directly after the pulse labeling ( Fig. 5A ; lane C0h) and corrected these numbers for the Met and Cys content of the different proteins (Table  S1 ). Notwithstanding potential differences in Ab affinity for the different nsp2-related products and other potential confounding factors, these measurements suggested −2 and (putative) −1 frameshifting efficiencies of ∼20% and 7%, respectively. Because the presence and identity of the minor products, including those migrating at around 90, 98, and 200 kDa, could affect the calculated frameshifting efficiencies to a limited extent, we repeated the calculations under the conservative assumption that these minor products are all derived from nonframeshift products.
These results, combined with those above, indicate frameshifting efficiencies in the range of 16-20% and 6-7% for −2 and −1 frameshifting, respectively.
The G_GUU_UUU and CCCANCUCC Motifs Are Required for Efficient
Frameshifting. The transient expression of ORF1a in the recombinant vaccinia virus/T7 polymerase expression system (19) was used to develop an assay for PRRSV −2 PRF in uninfected cells. A T7 promoter-driven, full-length ORF1a expression vector (pL1a) was constructed, and the synthesis of nsp2, nsp2TF, and nsp2N was monitored by radiolabeling (30-min pulse, 0-to 120-min chase) and IP (Fig. 5B) . With the exception of nsp2′, all products immunoprecipitated from PRRSV-infected cell lysates (Fig. 5A) could be identified. Although differences in abundance, time of appearance, and stability were observed, these data clearly demonstrated that translation of the PRRSV ORF1a sequence is sufficient to allow efficient −2 frameshifting. In fact, the efficiency of frameshifting was estimated to be even higher in this system than in virus-infected cells (with an estimated −2 shift efficiency of around 50%).
Subsequently, using this ORF1a expression system, we investigated the requirement for an intact shift site and downstream elements for efficient frameshifting. First we engineered a shift-site mutant (SS) (Fig. 2B ) that contains two mutations in the shift site (G_GUU_UUU to G_GUA_UUC) and therefore is expected to express only nsp2. To mark the position at which WT nsp2TF migrates in gels, an in-frame control (IFC) was constructed in which the shift site was mutated synonymously and an extra 2 nt were inserted to force expression of the TF reading frame (G_GUU_UUU to G_GUG_UUC_UU) (Fig. 2B) . As shown in Fig. 5C , WT pL1a produced both nsp2 and nsp2TF, and expression of the latter protein was confirmed by IP with pAb-TF. As expected, the IFC mutant produced only nsp2TF, as detected by both pAb-TF and mAb58-46. For the SS mutant, production of nsp2TF was greatly reduced, although, unexpectedly, frameshifting was not totally inhibited (Fig. 5C ). Next we investigated whether the conserved CCCANCUCC motif (see above and Fig. 2A) is involved in the stimulation of frameshifting at the G_GUU_UUU shift site by constructing two additional mutants in which the CCCANCUCC motif was disrupted (CC1 and CC2) (Fig. 2B) . The CC1 mutations are synonymous in the nsp2 frame; the CC2 mutations disrupt the motif more thoroughly but include substitutions that are not synonymous with respect to nsp2. The CC1 and CC2 mutants produced nsp2, but no nsp2TF was detected (Fig. 5C ). These results indicate that both the G_GUU_UUU shift site and the downstream CCCANCUCC motif are required for ribosomal frameshifting at the WT efficiency. When frameshifting is prevented (in the mutants SS, CC1, and CC2), expression of nsp2 is expected to increase substantially, because ribosomes no longer are being diverted into the alternative reading frame (Fig. 5C ).
Inactivation of nsp2TF Expression Affects PRRSV Replication. To investigate whether nsp2TF expression and/or the diversion of a proportion of the ribosomes out of ORF1a are relevant for virus replication, two mutants were generated (KO1 and KO2) (Fig. 2B ) in which nsp2TF expression was partially or completely knocked out with mutations that are translationally silent with respect to ORF1a. KO1 makes a truncated nsp2TF protein because of the mutagenesis of codons 100 and 102 of the 169-codon TF ORF into stop codons (nsp2-frame UUG_GCU_CUU_-GAG to UUA_GCU_CUA_GAG; stop codons indicated in bold) (Figs. 2B and 4B) . Consequently, the truncated nsp2TF lacks the C-terminal pAb-TF epitope. KO2 contains nine mutations that disrupt the frameshift site and the downstream CCCANCUCC motif, besides introducing a stop codon into the TF ORF (Fig.  2B ). This mutant was intended to knock out the frameshift signal completely and to express only nsp2. KO1 and KO2 differ from WT virus by two and nine nucleotide substitutions, respectively, none of which affect the encoded nsp2 amino acid sequence (Fig. 2B ).
The mutants were tested in the ORF1a expression system to verify synthesis of the expected proteins. As expected, the KO1 frameshift product could not be detected using pAb-TF because of the truncation of the C-terminal epitope region. However, IP with mAb58-64 revealed the synthesis of truncated forms of nsp2TF and nsp2TF′ (Fig. 5C, arrows) and a ratio between fulllength nsp2 and the frameshift product similar to that in WT. On the other hand, the mutations introduced in KO2 indeed were found to eliminate frameshifting, and, as anticipated, a much larger amount of full-length nsp2 was produced (Fig. 5C) .
The KO1 and KO2 mutations subsequently were transferred to a PRRSV full-length cDNA infectious clone, and the resulting recombinant viruses, vSD-KO1 and vSD-KO2, were found to be viable. However, both mutants produced plaques that were clearly smaller than those of the WT virus (vSD-WT), with vSD-KO2 producing somewhat smaller plaques than vSD-KO1 (Fig. 6A) . Analysis of growth kinetics consistently showed that replication of both vSD-KO1 and vSD-KO2 is seriously impaired in MARC-145 cells, with peak titers of both mutants being 50-100-fold lower than those of the WT control, and vSD-KO2 again displaying the larger reduction (Fig. 6B) .
PRRSV nsp2 and nsp2TF Localize to Different Intracellular Compartments.
The localization of nsp2TF in PRRSV SD01-08-infected cells was investigated using immunofluorescence (IF) microscopy. As shown in Fig. 7A , pAb-TF labeled specific foci mainly localizing to the perinuclear region of infected cells. This region also is known to contain the arterivirus replication structures, modified membranes that label abundantly for most of the viral nsps (19) (20) (21) . We used an mAb that recognizes nsp4 (19) to visualize these structures, which revealed a labeling pattern clearly different from that observed with pAb-TF. Surprisingly, a control labeling with nsp2-specific mAbs (36-19 and 58-46, recognizing different epitopes in the common N-terminal domain of nsp2 and nsp2TF) (Fig. 4B) revealed that the pAb-TF-specific foci were not, or were barely, recognized by nsp2-specific mAbs (Fig. 7B) , even though these mAbs did detect nsp2TF convincingly in other immunoassays (Figs. 3 and 5) . Apparently, this part of nsp2TF is not accessible in these formaldehyde-fixed, Triton X-100-permeabilized cells. Confocal microscopy further corroborated that the labeling patterns obtained with nsp2-specific mAbs and pAb-TF in PRRSV-infected cells did not overlap (Fig. 7C) .
To investigate this phenomenon in more detail, nsp2 and nsp2TF were expressed individually in MARC-145 cells (nsp2TF was expressed using the in-frame control sequence to mimic −2 frameshifting) (Fig. 2B) . In the absence of replication structures and other nsps, arterivirus nsp2 localizes to endoplasmic reticulum (ER) (Fig. 7D) , as was confirmed using an Ab recognizing an ER-specific marker protein (Fig. S3F) . Individual expression of nsp2TF (Fig. 7 E and F and Fig. S3E ) again yielded a pattern clearly different from that observed for nsp2 expression. It resembled the foci found in infected cells, but in this case these foci could be labeled with both pAb-TF and mAbs recognizing the N-terminal domain of nsp2, suggesting a conformational difference between nsp2TF (or nsp2TF-containing structures) in infected cells and the expression system. In both systems, however, the foci labeled by pAb-TF partially overlapped with the staining for exocytic pathway markers (specifically intermediate compartment and Golgi complex) (Fig. S3 A-D) , an observation that currently is being investigated in more detail. Together, our microscopy studies strongly suggest that, unlike nsp2, nsp2TF is targeted not to the arterivirus replication structures but instead to an alternative intracellular destination.
Discussion
RNA viruses of eukaryotes use a variety of noncanonical translational mechanisms to express multiple proteins from a limited number of transcripts, regulate gene expression, and otherwise manipulate the host cell translational machinery for their own specific needs. However, in contrast to −1 PRF, little was known about the potential for efficient functional utilization of −2 PRF. We now have demonstrated that PRRSV uses this mechanism to produce an nsp2-related transframe protein, nsp2TF. Bioinformatic analysis strongly suggests that such an nsp2TF product is encoded by all arteriviruses, with the striking exception of EAV, in which the relevant region of ORF1a has diverged dramatically. Efficient expression of nsp2TF in virus-infected cells was verified experimentally in multiple independent immunoassays using nsp2-and nsp2TF-specific Abs. Mass spectrometric analysis of proteins purified from infected cells further confirmed the expression of nsp2TF and the exact site and direction of frameshifting. Both nsp2TF knockout mutants exhibited a crippled phenotype with a smaller plaque size, indicating an important role for nsp2TF (KO1) and possibly also for frameshifting per se (compare KO1 and KO2) in virus replication.
Currently, there are very few, if any, other examples of natural utilization of −2 PRF in eukaryotic systems. In diverse animals and fungi, expression of the cellular gene antizyme involves +1 PRF (22) . However, when mammalian antizyme is expressed artificially in the yeast Saccharomyces cerevisiae, the full-length antizyme product is expressed via −2 frameshifting (23). Here the stimulatory elements comprise a stop codon (bold, lower case) 3′ adjacent to the shift site (UGC_UCC_uga) and a 3′-proximal RNA pseudoknot structure. The −2 frameshift translation reads CSPD, and frameshifting is thought to involve mainly P-site slippage on GC_UCC with an empty A-site. Recently it was found that by artificially reducing the spacer length to the downstream stimulator (either an RNA secondary structure or an antisense oligonucleotide), the slippery site for −1 PRF in HIV, i.e., U_UUU_UUA, also could serve as a slippery site for efficient −2 frameshifting (24). In prokaryotic systems, relatively inefficient −2 PRF (about 2.2%) is used in the expression of the gpGT tailassembly protein in phage Mu, although the majority of dsDNA phages that express gpGT via frameshifting appear to use −1 PRF instead (25) . Finally, although not yet formally demonstrated, sequence analysis suggests that −2 PRF on CC_CUU_UUU is used in the expression of Gag-Pol in Trichomonas vaginalis virus 1 (TVV1) (26, 27) . However, PRF in TVV1 is likely to be relatively inefficient, because the Gag-Pol:Gag ratio in virions is extremely low (e.g., 1-2%) (26) , in sharp contrast to the high efficiencies observed here for PRRSV −2 PRF (Fig. 5A) .
Although typical −1 PRF sites (X_XXY_YYZ) allow codon: anticodon re-pairing in both the P-and A-sites with mismatches only at the wobble positions, for −2 PRF on G_GUU_UUU perfect re-pairing is maintained only in the A-site (Fig. 4A) . The nucleotide preceding the heptanucleotide is typically a G or an A in different arterivirus sequences; thus the post-shift P-site anticodon:codon duplex, if a duplex forms at all, may have multiple mismatches. However, although the integrity of the A-site duplex is strictly monitored by the translating ribosome (28), the P-site duplex is not monitored so strictly, and, even for −1 PRF, a number of variations on the canonical XXX are allowed, including UCC, GGA, GUU, and GGU (2, 7, 15) . The potential −2 PRF site in TVV1 (CC_CUU_UUU) and the site of presumed −2 PRF in SHFV isolates HQ845737 and HQ845738 (G_GUC_UCU) also concur with the theme of perfect re-pairing in the A-site but reduced potential for re-pairing in the P-site.
With few exceptions, eukaryotic −1 PRF is stimulated by a 3′-proximal RNA secondary structure (11, 13) . Whether such structures are sufficient and/or necessary for the stimulation of −2 frameshifting remains to be determined. However, our results indicate that −2 PRF in PRRSV, and by implication other arteriviruses, may be stimulated instead by unstructured 3′ sequence elements including a highly conserved CCCANCUCC motif. Unstructured 3′ sequences also have been implicated in the stimulation of +1 PRF in yeast (29) and −1 PRF in Semliki Forest alphavirus (30) . Depending on their distance from the shift site, such sequences may exert their action via mRNA:rRNA basepairing or interaction with other translational components, although precise mechanisms have not yet been elucidated.
A variety of nsp2-related proteins were observed in our analysis, as previously reported for type II PRRSV isolate VR2332, in which such products were assumed to derive from the use of alternative N-and/or C-terminal cleavage sites (31) . At least one of these products now seems to correspond to nsp2TF; some others may correspond to the nsp2-and nsp2TF-related products observed in the pulse-chase experiments in Fig. 5 . Moreover, the G_GUU_UUU sequence is also a suitable shift site for −1 frameshifting (15) , and a potential −1 frameshift product (nsp2N) was observed (Figs. 3 and 5 and Fig. S1D ). In the vast majority of PRRSV sequences (205/212, including isolate SD01-08), such a frameshift would result in immediate termination at a −1 frame stop codon (with G_GUU_UUU_ga, G_GUU_UUU_ag, and G_GUU_UUU_aa all found in different PRRSV isolates; stop codons in −1 frame indicated in bold). Mass spectrometry of the nsp2N band identified a peptide corresponding to the predicted C terminus of a −1 frameshift product (Fig. S1D) , although formally such a peptide also could derive from internal cleavage of nsp2 or nsp2TF at this position. The identification of the nsp2N band as the −1 frameshift product was supported further by the fact that this protein was not observed upon expression of the SS mutant, in which the frameshift site is mutated (Fig. 5C) . The identities and posttranslational modifications of the various nsp2-related products are currently under further investigation, but the data accumulated thus far leave no doubt that efficient −2 PRF occurs, likely accompanied by a lower level of −1 PRF at the same nucleotide sequence.
As previously described, the balance between the synthesis of the arterivirus pp1a and pp1ab replicase polyproteins is regulated by another ribosomal frameshift event, a −1 PRF (Fig. 1A) , leading to an estimated pp1a:pp1ab ratio of about 4:1 (7). It now is apparent that the expression level of the different replicase proteins also is affected by efficient −2 PRF (and probably also −1 PRF) at the TF shift site, leading to a more complex series of ratios. Of the ribosomes that translate nsp1α/nsp1β, ∼20% synthesize nsp2TF, ∼7% synthesize nsp2N, the other ∼73% synthesize nsp2-8, and only ∼15% subsequently translate the ORF1b-encoded proteins nsp9-12. Interestingly, betaretroviruses and deltaretroviruses also use two ribosomal frameshifts (both −1 PRF) in the expression of their Gag-Pro-Pol polyprotein (32) . Here Gag, Pro, and Pol are encoded by consecutive terminally overlapping ORFs, and, in contrast to the arteriviruses, the polymerase is translated by ribosomes that have frameshifted twice. PRRSV nsp2, the largest replicase cleavage product, is released by the autoproteolytic activities of the upstream papain-like protease (PLPβ) in nsp1β and the PLP2 protease residing in the N-terminal domain of nsp2 (Fig. 1A) (33-34) . Nsp2 is a multidomain and multifunctional protein. Besides cleaving the nsp2/3 site, nsp2 functions as a cofactor for the nsp4 serine protease during processing of the C-terminal half of pp1a (35) . The C-terminal domain of nsp2, but not nsp2TF, is a highly conserved Cys-rich domain of unknown function (36) . Furthermore, nsp2 is predicted to be a multispanning TM protein that contributes to the formation of the membranous structures that scaffold the assembly of the viral replication complex (20, 21) . Recent studies also have implicated nsp2 in viral pathogenesis, specifically by virtue of PLP2's deubiquitinating and deISGylating activities (37) (38) (39) (40) . The biological significance of these activities was supported by the ability of PLP2 to inhibit type I IFN activation and antagonize the antiviral effect of ISG15. Finally, certain regions of nsp2 that appear to be less or nonessential for PRRSV replication are thought to play a role in the modulation of host immune responses in vivo (41) .
The nsp2TF protein adds to the complexity of functions potentially encoded in this region of the genome. Its conservation in three of four distantly related arteriviruses and our reversegenetics studies (Fig. 6) suggest it is an important protein. The frameshift site is located just upstream of the region encoding the predicted nsp2 TM domain. Thus, nsp2 and nsp2TF share the PLP2 domain and the hypervariable region of nsp2 but have distinct C-terminal segments of different sizes that appear to constitute alternative TM domains. Strikingly, IF microscopy revealed that, in both infected cells and expression systems, nsp2TF and nsp2 are targeted to different locations. Although nsp2TF's specific destination and function in replication or pathogenesis requires further study, these data may be a first step in understanding the presence and conservation of this additional ORF in most arteriviruses. If a fraction of the frameshifting ribosomes indeed make a −1 rather than a −2 shift (see above), the production of an nsp2 variant lacking either TM domain would add further to the complexity of nsp2 expression. Such a presumably cytosolic version of PLP2 may have major implications for the interactions of this protease with host cell targets.
Our reverse-genetics analysis suggests that, although nsp2TF is not essential for replication, it is crucial for maximum virus fitness. When nsp2TF expression was prevented (mutant KO2) or a C-terminally truncated nsp2TF was produced (mutant KO1), the virus exhibited a lower growth rate and a clearly reduced plaque size. KO1 was designed to truncate the TF ORF without disrupting frameshifting per se (Fig. 5C ). That this mutation still resulted in a crippled phenotype highlights the functional importance of full-length nsp2TF. In contrast, KO2 was intended to knock out frameshifting completely. There can be multiple reasons why KO2 was more crippled than KO1. KO2 does not express nsp2TF, and the absence of nsp2TF, as demonstrated by KO1, is sufficient to impair virus replication. However, knocking out the frameshift signal also would be expected to up-regulate expression of all the downstream nsps (nsp3-12), perhaps disturbing the balance of viral protein synthesis in a way that is detrimental to virus growth. Potential disruptive effects might involve replicase proteolytic processing by nsp4 (also using nsp2 as a cofactor), the formation of replication complexes, or the overexpression of RdRp and helicase, all of which individually have the potential to affect viral RNA synthesis directly or indirectly.
Because of its highly immunogenic nature, the PRRSV nsp2 region has been explored for the development of a diagnostic assay (42) . Although the immunological properties of nsp2TF
have not yet been determined, it might represent a viral antigen and/or a potential target for diagnostic assay development. The nsp2-coding region also was explored for its potential application in the development of PRRSV vaccines (reviewed in ref. 8) . Using reverse-genetics approaches, modified live viruses with engineered deletions and foreign inserts were created in an attempt to generate differentiable marker vaccines. In addition, mutations and deletions were introduced into certain nsp2 regions during attempts to attenuate the pathogenicity of the virus. The identification of −2 PRF and the TF ORF has important consequences for the rational design of such recombinant viruses. Engineering of the PRRSV nsp2-encoding sequence may unintentionally affect the integrity and/or expression level of nsp2TF and all downstream replicase subunits, perhaps crippling virus replication, as discussed above. On the other hand, such effects also could be useful in the context of modified live virus vaccine design.
Materials and Methods
Computational Analysis. A total of 255 arterivirus nucleotide sequences in GenBank with full coverage of ORF1a (listed in SI Materials and Methods) were identified by applying tBLASTn (43) to the pp1a peptide sequence derived from GenBank sequences NC_001961 (PRRSV-NA), NC_001639 (LDV), NC_003092 (SHFV), and NC_002532 (EAV). Six ORF1a-defective PRRSV sequences were excluded from subsequent analysis. For each virus, the ORF1a sequences were extracted, translated, aligned, and back-translated to produce nucleotidesequence alignments using EMBOSS and Clustal (44, 45) . Synonymous-site conservation was calculated as described previously (14) .
Viruses and Cells. BHK-21, RK-13, and MARC-145 cells were cultured as described previously (18, 36) . The type I PRRSV isolate, SD01-08 (GenBank accession DQ489311) (18) , and type II PRRSV isolate, SD23983 (GenBank accession JX258843), were used. Recombinant vaccinia virus vTF7-3 (46) was propagated in RK-13 cells.
Immunoassays. To detect nsp2 and nsp2TF expression in infected cells, proteins were immunoprecipitated with mAb36-19 and analyzed by Western blot as described previously (19, 47) . To determine the nsp2TF subcellular localization, IF microscopy was conducted essentially as described previously (19, 21) . The frameshifting efficiency and turnover of nsp2 and nsp2TF were investigated in a pulse-chase experiment using a method modified from that described by Snijder et al. (36) . Transient PRRSV ORF1a expression in RK-13 cells, using plasmid pL1a and the recombinant vaccinia virus/T7 polymerase expression system, was performed as described previously (36) . See SI Materials and Methods for detailed procedures.
Mass Spectrometry. Nsp2TF was immunoprecipitated from SD01-08-infected cell lysate using mAb36-19. Proteins from IP were separated on a 6% SDS/ PAGE gel, which subsequently was fixed and stained with Coomassie Brilliant Blue G-250 (Bio-Rad). The gel was destained, and the band expected to contain nsp2TF was excised. Trypsin digestion and LC-MS/MS analysis were performed as described previously (48) . MS spectra were searched against a custom-made protein database containing possible nsp2 frameshift proteins.
DNA Constructs. Fig. 2B lists the constructs used in this study. All constructs were made by standard PCR mutagenesis and recombinant DNA techniques and were verified by DNA sequencing. Further details are given in SI Materials and Methods.
Rescue and Characterization of Recombinant PRRSVs. Recombinant PRRSVs were recovered from WT (pSD01-08) or mutant (pSD01-08-KO1 or pSD01-08-KO2) full-length cDNA clones as described previously (18) . Growth kinetics was examined by infecting MARC-145 cells with passage 2 WT or mutant virus at a multiplicity of infection of 0.1. Supernatants from infected cells were collected at 12, 24, 36, 48, 60, and 72 h p.i., and virus titers were determined by fluorescent focus or plaque assay as described previously (18) .
Statistical Significance of the Long ORF in Simian Hemorrhagic Fever
Virus. The statistical significance of the conserved presence of the long TF ORF (Fig. 1C) in the three highly divergent simian hemorrhagic fever virus (SHFV) sequences was evaluated by randomly shuffling ORF1a-frame codon columns within the TF ORF region and calculating what fraction of shuffled alignments preserve an ORF in the +1 frame. This procedure controls for any bias for or against random long +1 frame ORFs resulting from ORF1a-frame amino acid use, codon use, or nucleotide biases and also controls for phylogenetic nonindependence. In fact, the proportion of randomizations that preserve a +1 frame ORF was too small to estimate directly (0 occurrences in 4,000 randomizations) and so was estimated instead from the mean number (per randomized alignment) of +1 frame alignment codon columns containing stop codons in one or more sequences (viz., 24.70), assuming Poisson statistics. Using this method, the P value for such a long +1 frame ORF occurring by chance in this region of the SHFV alignment is 1.9 × 10 −11
. Neither this statistic for SHFV (1.9 × 10 −11 ) nor the conservation statistic quoted in the main text for porcine reproductive and respiratory syndrome virus (PRRSV) (1 × 10 −64 ) has been corrected for multiple tests. In principle one might consider testing the whole genome (∼15,000 nt) for conserved regions and/or conserved ORFs of ∼200 codons, and, in principle, one might apply such an analysis to the ∼1,000 RNA virus species represented in GenBank, making a total of ∼25,000 independent tests. Thus, the P values should be scaled by ∼25,000 (giving 2.5 × 10 −60 and 4.8 × 10
−7 , respectively), although a correction for multiple testing is not, in fact, required for the SHFV statistic, because the location of the 5′ end of the TF ORF in SHFV is known a priori (it aligns to the 5′ end of the TF ORF in PRRSV).
DNA Constructs. Plasmid pL1a was a derivative of a similar equine arteritis virus (EAV) ORF1a expression vector, in which the foreign gene is under the control of a T7 RNA polymerase promoter and an encephalomyocarditis virus internal ribosomal entry site and is followed by a downstream T7 terminator sequence (1). The EAV ORF1a sequence was replaced by PRRSV SD01-08 ORF1a (nucleotides 1-7137 of the genome). To construct the nsp2TF knockout mutants (Fig. 2B ), mutations were introduced into the nsp2 region of the expression vector pL1a or a PRRSV full-length cDNA infectious clone plasmid pSD01-08 (2). Except for the KO2 mutant, for which a synthesized oligonucleotide was used, all mutations were introduced by site-directed mutagenesis using the Quick-Change site-directed PCR mutagenesis kit (Stratagene). The pCAGGS-nsp2 and pCAGGS-nsp2TF plasmids were constructed by PCR amplification of the nsp2-and nsp2TF-encoding regions from plasmid DNA of pL1a and pL1a-IFC, respectively, and cloning of PCR products into a eukaryotic expression vector, pCAGGS (3).
Antibodies. For type I PRRSV SD01-08, anti-nsp2 mAbs 36-19 and 58-46 were produced by immunizing mice with amino acids 386-821 of pp1a. Anti-nsp4 mAb 54-19 was produced by immunizing mice with amino acids 1677-1879 of pp1a (4). For type II PRRSV SD23983, anti-nsp2 mAbs 140-68 and 148-43 were produced by immunizing mice with amino acids 435-514 of SD23983 pp1a. A polyclonal affinity-purified rabbit Ab, pAb-TF, was produced by GenScript using the synthetic peptide CPKGVVTSVGESV (C-terminal 13 amino acids of nsp2TF). Abs for detection of cellular marker proteins comprised a pAb against protein disulfide isomerase (PDI) (Enzo), anti-giantin mAb G1/93 (Alexis), and anti-ERGIC-p53 mAb G1/133 (Alexis). 
